Much of the twentieth century multidecadal variability in the relationship between North Atlantic Oscillation(NAO) and winter climate over the North AtlanticEuropean sector can be linked to the combined effects of the NAO and either the East Atlantic pattern (EA) or the Scandinavian pattern (SCA).Our study documents how different NAO-EA and NAO-SCA combinations influence winter climatic conditions (temperature and precipitation) as a consequence of NAO dipole migrations. Using teleconnectivity maps, we find that the zero-correlated line of the NAO-winter-climate relationship migrates southwards when the EA is in the opposite phase to the NAO, related to a southwestwards migration of the NAO dipole under these conditions. Similarly, a clockwise movement of the NAO-winter-climate correlated areas occurs when the phase of the SCA is opposite to that of the NAO, reflecting a clockwise movement of the NAO dipole under these conditions. Our study provides new insights into the causes of spatial and temporal nonstationarity in the climate-NAO relationships, particularly with respect to winter precipitation. Furthermore, interannual variability in the north-south winter precipitation gradient in the UK appears to reflect the migration of the NAO dipole linked to linear combinations of the NAO and the EA. The study also has important implications for studies of the role of the NAO in modulating the wind energy resource of the UK and Ireland, as well as .for the selection of locations for terrestrial proxy archive reconstruction of past states of the NAO.
Introduction
The North Atlantic Oscillation (NAO) is the leading mode of climate variability in the North Atlantic region and is manifest as a meridional dipole anomaly in sea-level pressure (SLP), with the two centres of action located approximately over Iceland (IL) and the Azores (AH) (Hurrell, 1995) .
It is well known that the NAO exerts a strong influence on air temperature, precipitation and wind patterns over the North Atlantic sector during the boreal winter (Hurrell, 1995; Wanner et al., 2001; Hurrell et al., 2003) . Variability in the strength of this meridional SLP gradient( Figure S3 .1 in the online Supporting information) is expressed traditionally as the NAO index (NAOI), defined originally as the simple difference of normalized SLP at meteorological stations located close to the NAO centres of action (e.g. Stykkisholmur (Iceland) and Lisbon (Portugal) (Hurrell, 1995) or Stykkisholmur (Iceland) and Gibraltar (Jones et al., 1997) ).
The main disadvantages of station based indices are that they are fixed in space, and that they show low signal-to-noise ratios (Hurrell and van Loon, 1997) . As a result, most modern NAO indices are derived using linear approaches such as the principal component (PC) time series of the leading empirical orthogonal function (EOF) of regional gridded SLP data (Moore et al., 2013; Wang et al., 2012) , or by nonlinear techniques such as cluster analysis (Cassou et al., 2004) . In any case, a positive negative) state of the NAO is associated with stronger (weaker) than average westerly winds across the middle latitudes of the Atlantic onto Europe.
The second mode of climate variability in the region, the East Atlantic (EA)pattern, was first described by Wallace and Gutzler (1981) as anomalously high 500 mb height anomalies over the subtropical North Atlantic and eastern Europe when in positive mode. This atmospheric pattern exhibits a well-defined SLP centre of action near 55 o N; 20-35 o W, is also prominent during winter (Barnston and Livezey, 1987) , and is known to affect precipitation over the Iberian Peninsula (Rodriguez-Puebla et al., 1998) . Moore and Renfrew (2012) derived an EA index (EAI) back to 1870 based on SLP data from Valentia Island (Ireland), but this index has also been defined in the literature as the second leading EOF of regional gridded SLP (Moore et al., 2013) .
Following suggestions that the EA pattern may play a role in positioning the primary North Atlantic storm track (Seierstad et al., 2007; Woollings et al., 2010) , Moore et al. (2011) More recently, another study considered the effect of the Scandinavian pattern (SCA), the third leading mode of winter SLP variability in the European region equivalent to the Eurasia-1 pattern described by Barnston and Livezey (1987) , to diagnose the variability in the NAO centres of action (Moore et al., 2013) . Moore et al. (2013) subsequently investigated these effects by selecting winters that were characterized by different combinations of the NAO-EA and NAO-SCA phases.
These authors described a movement of the NAO structure along a northeast-southwest axis depending on the state of the EA, as well as a clockwise/anticlockwise movement associated with the state of the SCA. Following the approach of Moore et al. (2013) , here we demonstrate for the first time that much of the multidecadal climate variability during the twentieth century in the North Atlantic-European sector can be linked to specific combinations of NAOI-EAI and NAOI-SCAI signs. In other words, in this study we use the EA and the SCA to diagnose the variable effects of the NAO on the twentieth century European winter climate.
Data and methods

Climate data
We used the recently released high-resolution CRU-TS3.1 data set compiled by the Climate Research Unit (CRU) of the University of East Anglia (Mitchell and Jones, 2005) to assess the relationship of the NAO and the twentieth century (Hurrell, 1995) .
Nine climate variables are provided in the data set, two of which are selected for this study: air temperature ( o C; wTmp) and precipitation (mm; wPre). However, caution must be exercised when defining the teleconnection indices using EOF analysis, because the technique may in some cases yield coefficients for the empirical orthogonal weights of incorrect, physically implausible signs. For this reason, it is crucial to ensure that the polarity of the derived EOF time series is consistent with the physical climatic effects described in the literature (Hurrell, 1995; Wanner et al., 2001; CPC, 2012 ).
Teleconnection indices
Here we have fixed the signs of each eigenvector so that the northern pole of the NAO is nega- A third centre of action of the EA pattern described by Wallace and Gutzler (1981) southwest of Canary Islands is almost undetectable here. The third leading mode (SCA) shows strong positive SLP anomalies above the Scandinavian countries as well as the UK and Ireland, with a more diffuse centre of opposite sign over Greenland (Figure 2(c) ). The additional weaker centre over the Iberian Peninsula and the adjacent Mediterranean and Atlantic described by Barnston and Livezey (1987) in their Eurasia-1 pattern is not evident. Importantly, our EA and SCA indices are of opposite sign to those presented in Moore et al. (2013) ; the reader is referred to their figure 2 in contrast with our Figure 2 ). However, our EA and SCA indices are consistent with others (Wallace and Gutzler, 1981; Moore and Renfrew, 2012;  see section S2 of the Supporting Information), and they also yield their expected climatic effects (CPC, 2012) . This has important implications because the NAO dipole movements associated with NAO-EA and NAO-SCA combinations suggested by Moore et al. (2013) appear to be reversed, and are the opposite of those inferred in this study.
As the orthogonality constraint on the eigenvectors obtained from EOF analysis can lead to problems when ascribing a physical meaning to each eigenvector (the atmospheric patterns that they represent may not be orthogonal), the spatial patterns of our indices were also compared with the four weather regimes presented in Hurrell and Deser (2009) 
Discussion
The spatial non-stationarity of the regional NAOclimate relationships described in section 3.2 can be rationalized on the basis of recent studies of SLP patterns (Moore and Renfrew, 2012 ) that demonstrated shifts in the NAO centres of actions relative to those used to define the classic station based NAO indices (Hurrell, 1995; Jones et al., 1997) linked to the coexisting states of the EA and the SCA.
As our PC-based NAO index is the projection of the SLP onto a fixed NAO pattern and cannot therefore provide information about the spatial variability of the NAO dipole, teleconnectivity maps (Wallace and Gutzler, 1981) have been used to provide information about the spatial SLP variability associated with the NAO-winter climate correlation maps presented here (Figure 1 and section S3.2 in the Supporting information).
Importantly, the northeastward shift of the Ice- of the 20 year period corresponded to a sign combination of (NAO-EA) O . In addition, the greatest deviation from the classic NAO centres of action is found when the EA pattern is predominantly of the same phase as the NAO (1930 NAO ( -1949 NAO ( and 1970 NAO ( -1989 .
Finally, as an example of how the effects of different NAOI-EAI combinations are manifest on a regional scale, Figure 9 illustrates the mean precipitation anomalies relative to the long-term mean Europe from the Atlantic. Thus, our study has implications for studies that seek to link wind speed distributions to the state of the NAO, mainly over UK and Ireland (e.g. Brayshaw et al., 2011) .
Our study also has important implications for efforts to use a range of climate sensitive proxies, such as tree rings, speleothems, corals and lake sediments to reconstruct the NAOI back through the last few millennia (Goodkin et al., 2008; Trouet et al., 2009; Comas-Bru et al., 2012; Moreno et al., 2012) as some regions may exhibit temporal non-stationarities in the proxy-NAOI relationship.
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Supporting information
Supporting information concerning data analysis and methods is available as part of the online article, as well as the following additional figures and tables: Figure S1 .1. Maps showing the occurrence of at least one meteorological station per grid cell for wTmp and wPre in the CRU-TS3.1 global data set (Mitchell and Jones, 2005) . (a) 1910-1929, (b) 1930-1949, (c) 1950-1969 and (d) 1970-1989 . These maps have been computed using the CRU-TS3.1 global climate data set and our NAOI based on the first eigenvector of the 20CRv2 sea-level pressure data set. Percentage values beneath each map are the proportion of the years in each period with a given combination of signs. Notations are as on the caption for Figure 1 . Colour bar and correlation coefficients as in Figure 3 . Figure 7 : (a) 1910-1929, (b) 1930-1949, (c) 1950-1969 and (d) 1970-1989 . Following the approach of Wang et al. (2012) , the maximum empirical orthogonal weights of the first principal component of sea-level pressure anomalies in each 20 year period over the region 1080 o N, 100 o W-40 o E yield the location of the centres, the coordinates of which are shown in each panel.
